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Abstract

Ž .In situ energy-dispersive X-ray diffraction XRD techniques have been employed to study the hydrothermal formation of
Ž Žcrystalline tobermorite and xonotlite. Alkoxide gels of tobermorite composition with varying aluminium contents Alr Alq

. .Si s0 to 0.15 were reacted with a saturated calcium hydroxide solution at temperatures varying from 1908C to 3108C on
the saturated vapour pressure curve. Reaction products consisted of tobermorite, xonotlite or a mixture of both. Tobermorite
is stabilised by increasing aluminium content and decreasing temperature, whereas xonotlite forms at higher temperature and
lower aluminium contents. Reaction times ranged from 3 to 5 h, with the first Bragg peaks forming within the first 10 min.
The formation mechanism involves a two-stage process. Firstly, a poorly crystalline C–S–H gel phase forms, which has
good periodicity parallel to the ab plane but is poorly ordered parallel to the c direction. The second stage involves the

Ž .ordering of the C–S–H gel along the 001 direction to form ordered crystalline tobermorite or xonotlite. Kinetic analysis
indicates that the reaction rate is increased with increasing aluminium content and increasing temperature. Activation
energies for these reactions at different aluminium contents were calculated from two datasets; firstly, from the change in 2u

Ž . Ž . Ž .position of the tobermorite 220 rxonotlite 320 peak during the reaction 19–30 kJrmol and secondly, from the rate at
Ž .which the background hump intensity decreases for each experiment 26–33 kJrmol . q 2000 Elsevier Science B.V. All

rights reserved.
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1. Introduction

Ž .The calcium silicate hydrate C–S–H minerals,
Ž Ž . .tobermorite Ca Si O OH P4H O and xonotlite5 6 16 2 2
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Ž Ž . .Ca Si O OH , are rare minerals formed in hy-6 6 17 2

per-alkaline, hydrothermal environments. They usu-
ally occur where hydrothermal fluids react with basic

Žigneous rocks, e.g., Okayama, Japan Henmi and
. Ž .Kusachi, 1992 and Skye, UK Livingston, 1988 .

These phases and their gel precursors are also known
to form in cements and in the hyper-alkaline envi-
ronments surrounding cementitious nuclear and toxic

Ž .waste sites Atkinson et al., 1995 . Consequently, an
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increased understanding of the processes that form
these minerals will help to determine the chemical
evolution of the cement–rock interface of these sites
related to porosity, permeability and ground water
chemistry changes over a geological time scale.

The C–S–H system is highly complex with over
30 stable phases reported and the relative stabilities
of some of these phases are shown in Fig. 1. This
complexity is increased by the existence of many

Ž .poorly ordered gel e.g., C–S–H gel and metastable
Ž .crystalline phases e.g., Z-phase . These compounds

make experimental work in this system very compli-
cated with single-phase, pure, highly crystalline ma-
terial difficult to synthesise. The mineral, tober-
morite, is stable over a range of compositions from
CarSis0.8 to CarSis1. This variation is possibly
due to the nature of the tobermorite structure and the

Ž .intrinsic disorder within it Hamid, 1981 . Xonotlite
forms at higher temperatures than tobermorite, with
the equilibrium phase boundary between the two

Žminerals being at approximately 1408C Gabrovsekˇ
.et al., 1993 , although tobermorite can be produced

metastably at temperatures well above 2008C. The
phase defined as C–S–H gel is highly disordered. A
great deal of work has been carried out on this phase
as it is one of the primary components of Portland

Ž .cement Taylor, 1990 . Despite this work, the ther-
modynamic, chemical and structural properties of

Ž . ŽCSH I are poorly understood Gartner and Jennings,
.1987 .

Fig. 1. Schematic stability diagram showing the existence of
hydrated calcium silicates under hydrothermal conditions.

˚The 11 A-tobermorite structure is normally or-
thorhombic, although recently a monoclinic form has

Ž .been described by Hoffman and Armbruster 1997 .
Three polytypes of tobermorite exist, namely 14, 11

˚and 9 A tobermorites, with their names relating to
Ž .the d-spacings of the 002 Bragg peaks. The varia-

tion in the length of the c-axis depends on the
amount of water in the tobermorite structure, respec-
tively, 8, 4 and OH O molecules per formula unit.2

˚The structure of 11 A tobermorite consists of a
central layer of calcium octahedra which has silicate

Ž .sheets on each side Hamid, 1981 . The silicate
sheets consist of infinite silicate chains parallel to b,
with a three-tetrahedron, ‘dreierketten’ repeat, simi-
lar to chains in wollastonite. This particular three-te-
trahedron repeat, as opposed to a pyroxene-type
chain, reflects the way in which the silicate tetrahe-
dra are bonded to the calcium layer. The calcium
octahedra share oxygens with the silicate tetrahedra,
and the distance between two edges in the calcium
octahedral layer is about the same length as a three-
silicate tetrahedra repeat unit. The composite layers
of one calcium and two silicate layers are bound
together by an interlayer containing calcium ions and

Ž .water molecules see Fig. 2a . The interlayer con-
tains variable amounts of calcium, with the resulting
charge alteration caused by this variation in occu-
pancy being compensated for by a variation in the
number of hydrogen atoms bonded to the silicate
chains. Therefore, the variable occupancy of calcium
in these layers allows the CarSi ratio in tobermorite

Ž .to vary Hamid, 1981 .
˚The 11 A tobermorite is the most common form

found in nature and can be described as ‘normal’ or
‘anomalous’ depending on its dehydration behaviour.

˚Normal tobermorite dehydrates to the 9 A form at
approximately 3008C. However, although the anoma-
lous form dehydrates under similar conditions, its
c-axis does not decrease significantly. The structural
interpretation for this phenomenon is thought to be
due to the existence of cross-linkages of silicate
layers across the interlayer in anomalous tobermorite
Ž .Mitsuda and Taylor, 1978 , which prevents a reduc-
tion in the interlayer space when water molecules are
lost.

Xonotlite is structurally very similar to tober-
morite but has double chains running parallel to the

Žb-axis which form layers in the ab plane Mamedov
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Ž .Fig. 2. a A bc projection of the structure of tobermorite. Note
Ž .the three tetrahedron repeat dreierketten in the silicate chains

Ž .parallel to b. b An ac projection of the structure of xonotlite.
The silicate layers contain double chains of silicate tetrahedra
aligned parallel to b.

.and Belov, 1955 rather than the single chains found
in tobermorite. The structure consists of alternating
layers of calcium polyhedra and of silicate layers

Ž .perpendicular to the c-axis Fig. 2b . The structure
of C–S–H gel is more disordered than those of
crystallines, tobermorite and xonotlite, and has been

the subject of much debate in recent years. There are
several different models for the structure of this

Žphase including the ‘defect tobermorite’ model Cong
.and Kirkpatrick, 1996; Klur et al. 1998 . This model

bases the structure of C–S–H gel on that of tober-
morite, with significant concentrations of a number
of different types of defects, the most important of
these being that the silicate chains have missing
tetrahedra and chain segments.

There has been a lot of work in this field aimed at
understanding the structural relations, formation
mechanisms and growth kinetics of the C–S–H

Ž .phases. Mitsuda and Taylor 1975 and Gabrovsek etˇ
Ž .al. 1993 studied the influence of aluminium on the

formation of tobermorite under hydrothermal condi-
tions. Compositions with Al:Si ratios ranging from

Ž . Ž .Alr SiqAl s0 to Alr SiqAl s0.15 were stud-
ied; increasing the aluminium content beyond this
level causes the precipitation of hydrogarnet as a
secondary phase. The crystallization rate was found
to increase with increasing aluminium content and
temperature, but no quantitative kinetics was calcu-

Ž .lated. Further work by El-Hemaly et al. 1977
showed that metastable tobermorite can be produced,
existing for up to 48 h at 1808C before transforming
to xonotlite. The phase boundary between these two
phases is approximately 1408C, but equilibration at

Žthis temperature takes up to 2 months El-Hemaly et
.al., 1977 . Thus, it appears that the reaction mecha-

nisms and kinetics of this system are slow and highly
complex. A formation mechanism for tobermorite

Ž .was proposed by Jauberthie et al. 1996 from X-ray
Ž .diffraction XRD analysis of hydrothermally synthe-

sised tobermorite samples at various stages of crys-
tallization. They suggest that, initially, sheets roughly
parallel to the ab plane form, which then order along
the c-axis. None of the previous synthesis studies
has reported the formation of the monoclinic form of
tobermorite. This could be due to unusual formation
conditions in nature, which have not yet been repro-
duced in the laboratory. However, a more likely
explanation is that the poor crystallinity of the reac-
tion products, combined with the similarity of the
orthorhombic and monoclinic structures, makes the
two symmetries difficult to distinguish with powder
diffraction methods. Despite all these previous works,
little quantitative information has been obtained,
mainly because in all of these studies the reaction
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had to be quenched before any sample characterisa-
tion could be performed.

The present study was initiated to investigate, in
situ, the hydrothermal formation of tobermorite and
the higher temperature phase, xonotlite. The main
aims were to investigate quantitatively the influence
of temperature and aluminium content on phase sta-
bility, reaction kinetics and reaction mechanisms.

2. Methods

Ž .Energy-dispersive powder diffraction EDPD was
the technique of choice for this study. This method
involves shining a beam of polychromatic X-rays
upon a sample and using an energy-sensitive solid

Ž .state detector, set at a fixed diffraction angle 2u , to
record the diffraction pattern as a function of energy.
This method has the advantage that the whole pow-
der diffraction pattern is collected simultaneously,
allowing rapid time-resolved measurements. Also,
the post-sample collimation excludes any contribu-
tion from the surrounding sample environment to the
collected diffraction patterns, giving patterns free
from any ambiguous unindexed peaks. A syn-
chrotron source of X-rays is necessary for this en-
ergy-dispersive work since it gives a continuous
smooth spectrum of X-rays up to very high energies
Ž .range typically 5–120 keV .

The in situ synthesis experiments for this work
Ž .were performed on station 16.4 Clark, 1996 at the

Ž .Synchrotron Radiation Source SRS , Daresbury
Laboratory, UK and on station 13-BM-D at the

Ž .Advanced Photon Source APS , Argonne National
Laboratory, USA. Both these stations have a white
beam X-ray source, supplied by a bending magnet on
13-BM-D and a 6-T wiggler on station 16.4.

The arrangement for both sets of experiments was
Ž .basically the same Fig. 3 . A set of pre-sample slits

was used to reduce the incident beam flux to a level
consistent with the maximum count rate of the detec-

Ž 4 .tor systems 3=10 countsrs . On 13-BM-D, this
consisted of two sets of tungsten carbide cubes,
which limited the beam in the horizontal and vertical
direction. A beam size of 200=50 mm2 was ideal
for the experiments being performed. On 16.4, the
pre-sample beam reduction consisted of a pin-hole
Ž .Evans et al. 1994; Clark et al., 1995 . Once the
incoming beam has passed through the slits, it is
transmitted through windows in the cell heater unit
and the reaction vessel walls.

ŽThe reaction cell is a modified rod bomb Anton
.Parr; Part number 4711 with a section of the wall

Ž .milled down to the required wall thickness Fig. 4 to
Žallow sufficient X-ray transmission Clark et al.

.1995 . The greater the wall thickness, the greater the
reduction in X-ray transmission, but the higher the
reaction temperature possible. The cell is open to a
head unit at the top, which has a pressure transducer
and a pressure safety valve. The bomb contains
either a PTFE or copper liner depending on the
operating temperature; at greater than 3158C, copper

Fig. 3. Schematic diagram showing the on-line, in situ, hydrothermal experimental set-up on Station 13-BM-D of the APS.
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Fig. 4. Schematic diagram of a vertical section through the on-line
hydrothermal reaction cell and heater unit.

was required as PTFE breaks down at this tempera-
ture. Heating is achieved by placing the Parr cell in
an aluminium block, which is heated by four resis-
tance cartridge heaters. The heater block unit has
incident and exit slits for the incoming and outgoing
X-ray beam located in line with the milled-down
area of the Parr cell. This allows the X-rays to pass
through as small a thickness of steel as possible. The
temperature is maintained remotely using a constant
current onroff controller with a K-type control ther-

Ž .mocouple attached to the top of the block Fig. 4 .
For the three lowest temperature runs, this system
was not available and the temperature was controlled
using a variable resistor. This produced an increased
error on the reaction temperatures for these experi-
ments.

The maximum temperature currently achievable
in these experiments at the SRS is limited to about
2408C by the wall thickness of the bomb, which at
0.4 mm is the thickest that the X-rays produced by
the 6-T wiggler insertion device on line 16 of the
SRS can penetrate and give usable diffraction data
on the required time scale. The APS is a third-gener-
ation synchrotron source, which is a significant im-

provement on the SRS for these types of experiment.
The X-ray energyrflux profile of a bending-magnet
beamline has at least 10 times the flux of a beam line
at the Daresbury source and achieves high brightness
up to 130 keV. This increased energy range gives
improved penetrating power to the X-ray beam, al-
lowing it to pass through a reaction cell with walls
up to 3 mm thick. Thus, hydrothermal experiments at
the APS can be carried out at increased temperatures,
up to about 3308C.

The X-ray beam is diffracted by the cell contents,
the cell itself, and the heater unit to various angles of
2u depending on the energy of the particular X-ray
photons within the beam and the d-spacing of the
crystalline material. A post-sample collimator con-
sisting of 300-mm long slits spaced 0.1 mm apart
was placed at a particular angle of 2u in order to
give the desired range of d-spacing. This tight post-
sample collimation ensures that only diffraction from
the material inside the cell is detected excluding all
diffractions from the cell and heater unit. On 16.4,
three molybdenum collimators were used, each posi-
tioned at a slightly different angle to each other.
Placed at the end of these slits were three Canberra
energy-dispersive detectors. This setup allows a large
range of d-spacings to be observed; typically a range

˚from 20 to 1.5 A was chosen. On 13-BM-D, one
brass collimator was used with one energy-dispersive
Canberra detector positioned at the end. This system
limits the observable d-spacing range significantly;

˚typically a range from 4.5 to 2.5 A was chosen.
The starting material for the reactions consisted of

Ža calcsilicate alkoxide gel Hamilton and Henderson,
.1968 with the stoichiometric composition of natural

Ž Ž . .tobermorite Car SiqAl s0.83 . The gels were
fired at 5008C, which is considerably lower than the

Ž .8008C quoted by Hamilton and Henderson 1968 .
This lower temperature was chosen to avoid crys-
tallisation of the anhydrous gel, but is not high
enough to remove all the water present. Typical
weight yields for the gels were relatively high, rang-
ing from 99.5% to 101.5%. Although every effort
was made to produce a completely amorphous gel,
XRD analysis of some batches showed one or two
small diffuse Bragg peaks, which could be tenta-
tively assigned to some crystalline Ca SiO poly-2 4

morphs. When present, this impurity proved to be
insignificant as it made up only a small percentage
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of the starting gel and became undetectable within
the first 5 min of each experimental run.

The aluminium content of the starting materials
varied from 0% to 15% of aluminium substituted for
silicon. Saturated calcium hydroxide aqueous solu-
tion was added to the solid in the ratio of 5:1 by
weight. This solution was chosen because it is ap-
proximately the composition of the highly alkaline
Ž .pHs12 ground water that is expected to form

Žaround a cementitious waste site Atkinson et al.,
.1995 . Once sealed, the cell was placed inside the

heating block at the required temperature. Reactions
were performed at temperatures varying from 2358C
to 3108C with all the experiments above 2408C
carried out at the APS. As the mixture was heated,
the gel begins to react and crystalline phases form.
The sample was constantly X-rayed during the reac-
tion with a single pattern being taken every 1 or 2
minutes depending on the reaction rate.

3. Results and data analysis

All the experiments were completed within 5 h,
with the main period of growth always being within
the first 60 min. Crystalline tobermorite, xonotlite or
a mixture of both was produced as the endproduct,
depending on the reaction temperature and the start-
ing composition. Fig. 5 shows a time-resolved XRD
pattern from one of the in situ hydrothermal experi-
ments. Initially, the XRD pattern contains a large
background hump with no significant Bragg peaks.
This hump is due to scattering from the amorphous
starting material and the calcium hydroxide solution
present within the reaction cell. Within the first few

Ž .minutes -5 min , Bragg peaks begin to appear as
the amorphous gel begins to crystallize. The different

Ž .Bragg peaks of the crystallising phase s do not all
appear simultaneously but emerge in a distinct se-
quence defined by the reaction mechanism. The
growth of the Bragg peaks coincides with a decrease
in the area of the background hump as the amount of
amorphous material present decreases. After a period
of rapid peak growth, there is no real change in the
patterns, apart from some peak narrowing as the
crystalline phase becomes more ordered. In this case,
the final product was tobermorite with no xonotlite
present.

Fig. 5. Time-resolved EDPD pattern showing the formation of
tobermorite from an amorphous gel as a function of time. Reac-
tion performed at 2508C with starting composition of 15% alu-
minium replacing silicon. Bragg peaks index using JPCDS card
45-1480.

The Bragg peaks for tobermorite and xonotlite
were indexed using the JPCDS cards, 45-1480 and
29-0379, respectively. Tobermorite was assumed to
be orthorhombic because the poor crystallinity of the
reaction products and the relatively low resolution of
the EDPD technique make it impossible to distin-
guish between the orthorhombic and monoclinic types
of tobermorite. When a mixture of xonotlite and
tobermorite is produced, it can be difficult to differ-
entiate between the two as they have very similar
XRD traces in the region observed. The main differ-
ences between their two XRD patterns are a peak at

˚ Ž .2.98 A 222 , which is unique to tobermorite, and
˚ Ž .one at 4.21 A 400 , which is only due to xonotlite.

In the runs which produced a mixed phase endprod-
uct, tobermorite seems to be the first phase to crys-
tallize. As the reaction proceeds, the main tober-

˚ Ž .morite defining peak at 2.98 A 222 decreases while
all the other peaks, which are present in xonotlite,
continue to grow. Although the reactions were
stopped after a few hours, the tobermorite peak was
still decreasing in intensity, indicating that, with
time, pure xonotlite would be produced as the final
stable phase.

Table 1 shows the cell parameters for final reac-
tion products calculated from the EDPD data ob-
tained when the sample was at temperature under
hydrothermal conditions. The first dataset comes
from an experiment that produced pure tobermorite
Ž Ž . .Alr AlqSi s0.15 and the second from a run
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Table 1
Cell parameters calculated from two synthetic reaction products compared with published data for the two mineral phases

˚Ž .Cell parameter A Tobermorite Xonotlite

Synthetic Natural sample Synthetic Natural sample
Ž . Ž . Ž . Ž .Al 15% 2408C JCPDS 45-1480 Al 0% 2708C JCPDS 29-0379

a 11.37"0.06 811.233 17.19"0.03 17.029
b 7.34"0.05 7.372 7.44"0.01 7.356
c 22.6"0.4 22.56 7.121"0.009 7.007
b – – 89.9"0.1 90.34

Ž Ž . .which produced pure xonotlite Alr AlqSi s0 .
The unit cell parameters for tobermorite were calcu-
lated assuming an orthorhombic unit cell and six
peaks were used for both unit cell refinements. The
cell parameters were refined using the program, Unit

Ž .Cell Holland and Redfern, 1997 , and show good
agreement with the published room temperature data
for these mineral phases. The slightly higher values
calculated from the experimental data are probably
due to the elevated temperature.

To analyse the kinetics of these reactions, every
diffraction pattern in each isothermal experiment was

Žpeak-fitted using the PC-based program, Xfit Cheary
.and Coelho, 1992 . The Bragg peaks were fitted with

pseudo-Voigt peaks and the background hump fitted
with a split Pearson peak. The changes in the peak
area, 2u position, and the full width at half maxi-

Ž .mum FWHM of the peak with time can be used to
determine the reaction kinetics and help devise a
reaction mechanism. The kinetics model chosen is an
Avrami-type equation of the form given below:

as1yeyŽ kŽ tyt0 ..
n

,

where a is the fraction completed, k is the rate
constant for the reaction, t is the time, t is the time0

the reaction began, and n is a constant that depends
on the reaction mechanism.

Initially, all the datasets were fitted with n as a
variable parameter. However, it was soon found that
values for n calculated this way were highly variable
Ž .about 0.8–2.3 and showed no trends with composi-
tion andror temperature. Such variations in n are
unlikely to be real as they would indicate different
reaction mechanisms for closely similar starting ma-
terials under similar reaction conditions. Therefore,
values of ns1 and ns2 were chosen and all the
kinetics datasets were fitted with these two values.

Over 80% of the datasets fitted better with ns1
than ns2, with no trend with temperature or com-
position. Thus, for internal consistency, we have
chosen to fit all the datasets with ns1, but note that
we do not attempt to use the n value in interpreting
the reaction mechanism.

Errors in the peak fitting parameters, e.g., 2u

position and peak area, calculated from Xfit, were
propagated through all the kinetics analysis to the
activation energy determinations.

4. Discussion

The sequence in which the Bragg peaks form
during the crystallization reactions shows a clear
pattern, even for experiments that produced different

˚endproducts. The first peaks to form are at f3.0 A,
which is in the same position as the tobermorite
Ž . Ž . Ž .220 and 222 peaks and the xonotlite 320 peak.

˚At the same time, a peak at f1.8 A forms, which is
Ž .in the position of the tobermorite 040 and xonotlite

Ž .040 peaks. These peaks indicate the presence of
C–S–H gel and can be correlated with particular
features within the C–S–H structure. Vieland et al.

˚Ž .1996 correlated the peak at 3.0 A with the Ca–Ca
Ž .physical repeat distance within the structure Fig. 6 ,

˚and the 1.8 A peak with the presence of dreierketten
chains. At this stage, the material has the proposed

Ž‘defect tobermorite’ structure Cong and Kirkpatrick,
.1996 with disordered silicate chains and CaO layers

with relative good periodicity parallel to the ab
plane, but there is no long-range periodicity along
the c-axis. The indices of most of the Bragg peaks
observed reinforce this model as they have little or

Ž .no component in the 00 l direction. The only excep-
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Fig. 6. An ab projection of calcium ions in the octahedral layer of
tobermorite. The spacing between these rows of calcium ions in

˚this plane is 3.08 A.

Ž .tion to this is the tobermorite 222 . The reason why
Ž .this peak appears and the tobermorite 002 does not,

e.g., is due to the difference in the d-spacings of the
two Bragg peaks and their orientation within the

Ž .tobermorite structure. The tobermorite 222 has a
˚ Ž .d-spacing of 2.98 A and 002 a d-spacing of 11.3

Å. For a Bragg reflection to be observed, about 5–10
ordered lattice repeats perpendicular to the diffract-
ing crystallographic plane are required. In the case of

Ž .the tobermorite 222 peak, 5–10 repeats along the
Ž .222 direction would require that there be crys-
talline regions, which have good atomic ordering

˚parallel to the c-axis of at least 6–10 A. This
indicates that, if there is reasonably good order in the
ab plane, it would require only a small degree of
order parallel to the c-axis to get intensity in the
Ž . Ž .222 peak. In contrast, for the 002 peak to be
present, it would require significantly more order

˚parallel to the c -axis of at least 60–100 A.
Shortly after this stage of the reaction, the tober-

˚Ž . Ž .morite 400 ds2.8 A peak andror the xonotlite
Ž . Ž .y321 and 402 peaks form. The other Bragg
peaks for these phases form shortly afterwards, in-

Ž .cluding the basal peaks, i.e., tobermorite 002 and
Ž .xonotlite 001 . These were only observed in the

three experiments performed on station 16.4, which
has a three-element energy-dispersive detector allow-
ing a large d-spacing range to be monitored. The
other experimental runs were performed using a
single-element detector that did not collect data in
the d-spacing range in which the basal peaks appear.

This overall sequence indicates that after the forma-
tion of the C–S–H gel structure, the CaO layers and
silicate chains became more ordered with increasing

Ž .periodicity in the 001 direction to form the com-
plete tobermorite or xonotlite structure.

From the results of these experiments, a clear
pattern of phase stability can be seen when the
temperature, composition and reaction products are

Ž .examined together Fig. 7 . In summary, it seems
that as the aluminium content is increased and tem-
perature decreased, tobermorite becomes the more
stable phase, and conversely, as temperature is in-
creased and aluminium content decreased, xonotlite
becomes the more stable phase. The area marked as
a mixed zone is unlikely to be thermodynamically
stable but is probably a product of slow reaction

Ž .kinetics. Previous studies El-Hemaly et al., 1977 in
this system show that the phase boundary between
tobermorite and xonotlite occurs at a much lower
temperature, approximately 1408C. However, in the
same studies, it was also found that tobermorite can
be produced metastably at temperatures above 1408C.
Therefore, the phase existence fields shown in Fig. 7
represent the phase stability on the time scale of this

Ž .group of experiments 3–5 h .
Kinetic information from the changes in inte-

grated intensity and FWHM of the Bragg peaks as
they grew proved difficult to obtain. There are sev-
eral possible reasons for this. Firstly, many of the
reactions produced a mixture of tobermorite and
xonotlite, and because these two phases have very
similar diffraction patterns, they have many overlap-

Fig. 7. Final reaction products plotted against temperature and
aluminium content. The phase existence fields given represent the
stability over a 3–5 h time period.
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ping peaks. Therefore, virtually all the peaks are a
binary mixture of at least one tobermorite peak and
one xonotlite peak. During the experiments, the rela-
tive amount of each of these phases varies, depend-
ing on whether a given phase continues to form,
transform or perhaps resorb. Therefore, it is ex-
tremely difficult to quantify how much of each com-
ponent is present at any one time. Secondly, the first
few percentages of crystalline product are not ob-
served by diffraction. This makes a reaction rate
model difficult to fit as the first part of the reaction
is very important kinetically. Although the kinetics
cannot be fully resolved, the formation of each peak
shows a clear two-stage growth process, which ini-
tially involves peak formation and area increase,
followed by a reduction in the peak width and a

slight shift in 2u position. The peak-growth stage
indicates the formation of crystalline material and
the peak-narrowing stage indicates an increase in
order in this crystalline phase. The shift in 2u posi-
tion is probably also indicative of ordering in the
structure. These results reinforce the evidence that
initial formation of a poorly ordered gel is progres-
sively followed by an ordering mechanism for the
formation of tobermorite and xonotlite in this sys-
tem.

The most reliable kinetic data based on the Bragg
peaks were obtained from the change in 2u position

Ž . Ž .of the tobermorite 220 andror the xonotlite 320 .
Also, these peaks are very well-defined and are not
overlapped by any other peaks. Fig. 8a shows data
for the change in 2u position, scaled from 0 to 1,

Ž . Ž . Ž .Fig. 8. a Experimental data from the change in 2u position of the tobermorite 220 andror the xonotlite 320 peak scaled from as0 to
1 and plotted against time in minutes; the right-hand vertical scale shows the d-spacing shift with time. Data are from a reaction performed

Ž . Ž .at 2058C with a starting material composition of Alr AlqSi s0.10. b Experimental data from the change in the background hump
intensity scaled from 0 to 1 and plotted against time in minutes; the right-hand axis shows the integrated intensity change with time. Data

Ž .are from a reaction performed at 2058C with a starting material composition of Alr AlqSi s0.5. Data are fitted with an Avrami kinetics
model where a is the degree of reaction and k is the rate constant.
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and plotted against time for one experimental run.
An Avrami-type model is fitted to the data using a
least squares fit with n fixed at 1 and k and t0

allowed to vary. Values for t varied from 14 to 350

min. The change in position of this peak was from
˚ ˚about 3.0 A when first formed, to 3.09 A in the

crystalline phase. This peak shift probably relates to
ordering within the calcium octahedral layers, per-
haps influenced by ordering in the silicate layers.
The latter process is likely to involve an increase in
the dreierketten chain lengths due to the inclusion of
tetrahedra into vacancies in the chains. Therefore,
due to the nature in which the silicate chains are
bonded to the calcium layers, the now rigid, continu-
ous silicate chains define the distance between the

˚Ž .planes of calcium ions 3.09 A .
If the k values of the 2u position shift for each

experiment are plotted against temperature, a clear
Ž .trend can be seen Fig. 9 . As temperature is in-

creased, k increases and as the aluminium content
increases, k also increases, indicating that increasing
the aluminium content increases the reaction kinet-
ics.

Fitting data for the decrease in the background
hump area can also be used to determine the kinetics
in this system. This is because the background area
is inversely proportional to the amount of crystalline
material formed and is not phase-dependent. Each
dataset was fitted with an Avrami-type kinetics model

Ž .as described above e.g., Fig. 8b . The t values for0

these experiments vary from 5 to 20 min within
which time there is usually a slight increase in the

Ž .Fig. 9. Rate constant k values calculated from the change in 2u

Ž . Ž .position of tobermorite 220 andror xonotlite 320 peak for each
experimental run plotted against temperature.

Ž .Fig. 10. Rate constant k values calculated from the decrease in
background area for each experimental run plotted against temper-
ature.

Ž .background area f5% . This increase is probably
due to the hydration and breakdown of the small
amount of crystalline Ca SiO present in the starting2 4

material. When the k values from each experiment
are compared, a pattern very similar to that obtained

Ž .from the previous dataset can be seen Fig. 10 . As
the temperature increases, the reaction rates increase
and as the aluminium content increases up to 10%,
the reaction rate increases. The reaction rates of the
15% aluminium runs are lower than those for the
10% aluminium runs, indicating that the maximum
rate would occur for compositions with between 5%
and 15% aluminium.

Activation energies for each of the three alu-
minium contents in each of the two datasets can be

Ž .calculated from an Arrhenius plot Fig. 11 . Table 2
contains the calculated activation energies for both
datasets for each starting material composition. The
activation energies obtained from the change in 2u

Fig. 11. Arrhenius plot of data from the change in 2u position of
Ž . Ž .the tobermorite 220 andror xonotlite 320 peak. Data shown

for experimental runs with 15% aluminium replacing silicon.
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Table 2
Ž .Activation energies calculated form both the decrease in background area and the change in the 2u position of the tobermorite 220 andror

Ž .xonotlite 320 peak

Ž .Composition of starting 2u position of tobermorite 220 Background area
Ž . Ž . Ž . Ž .material % Al andror xonotlite 320 kJrmol kJrmol

5 19"3 26"5
10 30"6 37"18
15 22"2 33"3

Ž .position of the tobermorite 220 andror the xonotlite
Ž .320 peak are quite similar despite the large error on
the activation energy for the 10% aluminium content.
The activation energies calculated from the back-
ground area data are also reasonably consistent but
are somewhat higher than the values from the previ-
ous dataset. The reason for this is not clear, but one
possible explanation is that the change in 2u posi-

Ž .tion of the tobermorite 220 andror the xonotlite
Ž .320 peak and the change in background area repre-
sent different stages in the crystallization process.
The reduction in background area is not phase-de-
pendent and will decline as the crystalline phase is
forming andror ordering, and therefore represents
the entire reaction from amorphous starting material
to ordered crystalline phase. In contrast, indicating
that the change in 2u position may characterise the
ordering phase of the reaction only. Therefore, the
difference in activation energy reflects the different
stages of the crystallisation process that the two
datasets represent.

5. Conclusions and wider implications

Ž .1 Results from this study indicate that, on the
Ž .time scale of the experiments performed 3–5 h ,

tobermorite is stabilised by increasing aluminium
content of the starting material and by decreasing
temperature, whereas xonotlite is stabilised by de-
creasing aluminium and increasing temperature.

Ž .2 The formation mechanism for both tober-
morite and xonotlite involves a two-stage crystal
growth then ordering process. Firstly, crystalline do-
mains with good periodicity parallel to the ab plane,

Ž .but little order in the 001 direction, form, making
material very similar to C–S–H gel. Following this
stage, the gel orders parallel to the c-direction, thus

producing an ordered tobermorite or xonotlite struc-
ture.

Ž . Ž3 A shift in the 2u position equivalent ds
˚ . Ž .3.0–3.09 A of the tobermorite 220 andror the
Ž .xonotlite 320 peak some time after the C–S–H gel

has formed indicates ordering in the silicate and
calcium octahedral layers. The increase in d-spacing
is thought to reflect the inclusion of silicate tetrahe-
dra into vacancies in the silicate chains as the sample
progressively crystallises.

Ž .4 Kinetic data calculated from the in situ synthe-
sis reactions show that k increases with increasing
aluminium contents of the starting material and in-
creasing temperature. Activation energies for the for-
mation of tobermorite and xonotlite range from 19 to
37 kJrmol, depending on the stage of the crystallisa-
tion reaction they represent.

Ž .5 In the context of waste disposal, it has been
found that C–S–H gel buffers groundwater pH to

Ž .approximately 11 Atkinson et al., 1995 , whereas
crystalline tobermorite buffers to a lower pH of
approximately 9. Therefore, the rate at which C–S–H
gel transforms to tobermorite is critical when mod-
elling the pH evolution of the groundwater surround-
ing a cement encapsulated waste site. This work
shows clearly the influence of aluminium on the
formation of both tobermorite and xonotlite. There-
fore, the aluminium content of any cement used in
waste disposal must be closely monitored as it may
have a significant effect on the chemical evolution of
the groundwater in and around a waste site.
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